Abstract Lanthanum zirconate (La 2 Zr 2 O 7 ) has been proposed as a promising thermal barrier coating (TBC) material due to its low thermal conductivity and high stability at high temperatures. In this work, both single and double-ceramic-layer (DCL) TBC systems of La 2 Zr 2 O 7 and 8 wt.% yttria-stabilized zirconia (8YSZ) were prepared using air plasma spray (APS) technique. The thermomechanical properties and microstructure were investigated. Thermal gradient mechanical fatigue (TGMF) tests were applied to investigate the thermal cycling performance. The results showed that DCL La 2 Zr 2 O 7 ? 8YSZ TBC samples lasted fewer cycles compared with single-layered 8YSZ TBC samples in TGMF tests. This is because DCL La 2 Zr 2 O 7 TBC samples had higher residual stress during the thermal cycling process, and their fracture toughness was lower than that of 8YSZ. Bond strength test results showed that 8YSZ TBC samples had higher bond strength compared with La 2 Zr 2 O 7 . The erosion rate of La 2 Zr 2 O 7 TBC samples was higher than that of 8YSZ samples, due to the lower critical erodent velocity and fracture toughness of La 2 Zr 2 O 7 . DCL porous 8YSZ ? La 2 Zr 2 O 7 had a lower erosion rate than other SCL and DCL La 2 Zr 2 O 7 coatings, suggesting that porous 8YSZ serves as a stress-relief buffer layer.
Introduction
Thermal barrier coating (TBC) materials with low thermal conductivity have been widely used to insulate turbine and engine components from hot gas streams in high-temperature environments (Ref 1) . TBC systems typically consist of a superalloy substrate, a metallic bond coat layer, a thermally grown oxide (TGO) layer, and a low-thermalconductivity ceramic top coat. The criteria for TBC material selection include low thermal conductivity, high melting point, high thermal expansion coefficient, good thermal and chemical stability, no phase change, and low sintering activity (Ref 1) . Since the maximum surface temperature of commercial 8 wt.% yttrium-stabilized zirconia (8YSZ) TBCs is limited to 1200°C due to potential sintering and phase change (Ref 2, 3) , recently lanthanum zirconate (La 2 Zr 2 O 7 ) was proposed as an alternative TBC material for use in higher-temperature applications. Compared with 8YSZ, La 2 Zr 2 O 7 has lower thermal conductivity (1.5 W/m K) compared with 8YSZ (2.2 W/m K) (Ref 3, 4) , and it has no phase change from room temperature to its melting temperature (2300°C) ( Ref 2, 5, 6) . The thermal expansion coefficient of La 2 Zr 2 O 7 is 9.1 9 10 -6 K -1 , slightly lower than that of 8YSZ (11 9 10 -6 K -1 ) (Ref 2, 6, 7). The results showed that the YAG coating demonstrated the best erosion resistance. Additionally, the erosion rate was related to both the coating material and the kinetic energy of the erodent particles.
Previous studies mainly focused on thermal and physical properties of La 2 Zr 2 O 7 , whereas only limited work has been done on its mechanical properties, which are equally important to thermal properties, or the coupled thermomechanical properties of air-plasma-sprayed La 2 Zr 2 O 7 coatings. This paper focuses on three specific relevant mechanical properties, viz. the thermal gradient mechanical fatigue, adhesive strength, and erosion resistance properties of La 2 Zr 2 O 7 -based coatings. The TGMF test is a novel method to evaluate thermal cycling behavior of coatings under mechanical load, which is especially critical for turbine blades, which are subjected to stress from centrifugal forces. Turbine stages can rotate at tens of thousands of revolutions per minute, and fluid forces can cause fracture, yielding, or creep failure. Accurate understanding of how turbine blades behave in service conditions at a variety of temperatures and stress loads is therefore warranted.
The objective of this study is to provide thermomechanical property data for La 2 Zr 2 O 7 TBC specimens. In this work, both single-and double-layered La 2 Zr 2 O 7 TBC specimens were prepared using air plasma spray technique. An 8YSZ TBC specimen was also fabricated for comparison proposes. Thermal gradient mechanical fatigue tests were conducted to evaluate the thermomechanical properties. Vickers hardness and porosity were measured. Bond strength tests were employed to investigate the interfacial properties of the coatings. An analytical model was used to estimate the stress distribution in the coatings, which explains the observed fracture behavior in the adhesive strength tensile test. Finally erosion tests were performed to evaluate the erosion resistance of the coatings. A new model using the critical velocity as an alternative to conducting erosion tests is proposed.
Experimental Procedures
Both La 2 Zr 2 O 7 and 8YSZ coatings were sprayed by APS method using a Praxair proprietary plasma torch (Praxair Surface Technologies Inc., Indianapolis, Indiana). Haynes 188 (Haynes International, Inc., Kokomo, Indiana) superalloy was used as substrate. Prior to spraying, substrates were sandblasted using alumina grits and cleaned using ethanol. Ni-based metallic material, LN-65, patented by Praxair, was used as bond coat, also deposited by APS method. The spray conditions were current of 150-250 A, voltage of *100 V, standoff distance of * 50 mm, and powder feed rate of 30-60 g/min. The architecture and thickness of the sprayed top coats are presented in Table 1 .
To measure the hardness, TGMF, adhesive strength, and erosion resistance, four different shapes of substrate were used, made of Haynes 188 superalloy. First, 10 9 10 9 10 mm 3 cubes were used to produce free-standing samples. Top coats were deposited directly on the smooth cube substrates without a bond coat. Round button substrates with diameter of 1 inch (25.4 mm) were used for adhesive strength tests. Tensile bar samples (200 9 20 9 3 mm 3 ) were used in TGMF tests.
Rectangular (50.8 9 25.4 9 3 mm 3 ) panel samples were used in erosion tests.
The porosity of free-standing samples was measured following ASTM standard B328-94 using measurement apparatus including an analytical balance (Mettler AE240, Switzerland) and density determination kit (Denver Instrument, Arvada, Colorado). Vickers hardness tests were conducted on a cross-section of the TBC specimens using a Vickers hardness tester (HM-114, Mitutoyo Corp., Japan) with load of 1 kgf (9.807 N), load rate of 60 lm/s, and dwell time of 10 s. Five indentations were conducted for each sample to obtain statistics.
The cross-sectional microstructure of the TBCs were observed by scanning electron microscopy (SEM, JSM-5610, JEOL, Japan) after sample preparation. The samples were cold mounted in a vacuum chamber using epoxy resin. Using cold mount in vacuum, epoxy can impregnate into the pores and cracks of the TBCs, providing good support for the porous material without damaging its microstructure.
The thermal gradient mechanical fatigue test combines thermal exposure and mechanical loading by introducing a thermal gradient across a tensile bar (Ref 16). As shown in Fig. 1 , the samples were heated to 850 or 1100°C for 10 min on the top coating front side, and kept at a constant temperature of 350°C on the back side. The samples were cooled on the front surface using compressed air for 3 min then ambient cooling for 7 min. Constant tensile load of 150 N was applied to the tensile bar. The heating and cooling profile and tensile load are shown in Fig. 2 .
Sufficient bond strength between the coating layers is critical for TBC systems, since the durability and integrity of the coating depend on the bond strength. Bond strength experiments were therefore conducted, at a controlled loading speed of 1.27 mm/min (0.05 inches/min). Epoxy (FM 1000 adhesive film) was used to glue the TBC top coatings to two steel cylinders. This bonding agent is capable of bonding the coating to the loading fixture with tensile strength greater than the minimum required adhesion strength of the coating. Additionally, FM 1000 has sufficient viscosity to prevent penetration into the coating.
Erosion resistance tests were performed following ASTM standard G76-13., using aluminum oxide sand with average particle size of 50 lm as erosive material. A total of 600 g sand was used for each sample. Compressed air was used as carrier gas. The rate of the sand flow stream was 6 g/s, at impingement angle of 20°. The impingement velocity of the particles could reach the range of 300-400 m/s. The erosion rate (mg/g) was used to evaluate the erosion resistance, calculated by dividing the TBC erosion weight by the abrasive flow weight.
Results and Discussion

Porosity and Hardness Measurements
The measured average density and porosity of La 2 Zr 2 O 7 were 5.31 g/cm 3 and 12.27%, respectively, whereas the porosity of porous 8YSZ samples was at the same level as for porous La 2 Zr 2 O 7 . The Vickers hardness of porous 8YSZ coatings was similar to that of La 2 Zr 2 O 7 coatings, as shown in Fig. 3 . However the hardness of dense 8YSZ coating was much higher than for other coatings, due to its low porosity.
Thermal Gradient Mechanical Fatigue Test Results
TGMF tests were conducted in two different temperature gradient environments. The first set of specimens was heated to 850°C on the front side and kept at 350°C on the back side. The second set of specimens was heated to 1100°C on the front side and kept at 350°C on the back side. Figure 4 shows optical images of samples before and after TGMF testing with heating at 850°C. As shown in Fig. 4 (a) and (b), after 1200 cycles, no tendency for cracking or spallation was observed for the single-layered porous 8YSZ coatings. As shown in Fig. 4(b) , (c), (d), (e), and (f), the double-layered La 2 Zr 2 O 7 could not last for many cycles. In Fig. 4(c) and (d) , the double-layered porous 8YSZ and La 2 Zr 2 O 7 coatings (sample 3) delaminated on the edge after 220 cycles. In Fig. 4 (e) and (f), the double-layered dense 8YSZ and La 2 Zr 2 O 7 coatings delaminated after 50 cycles.
Optical images of TBC samples before and after the second set of TGMF tests with heating at 1100°C are shown in Fig. 5 . As shown in Fig. 5(b) , both the 8YSZ and La 2 Zr 2 O 7 layer were partially delaminated near the center of the tensile bar after 38 cycles, exposing part of the bond coat. Figure 5(d) shows that only the top La 2 Zr 2 O 7 layer was delaminated after 49 cycles. In comparison with the first set of TGMF tests, both samples 3 and 4 had shorter lifecycles in the second set. DCL porous 8YSZ ? La 2-Zr 2 O 7 showed better performance in the lower temperature gradient in the first set of TGMF tests, which worsen with the higher temperature gradient in the second set of tests.
Typically, the spallation process starts at the edges between the La 2 Zr 2 O 7 coating and 8YSZ coating sublayer. In this TGMF experiment, all spallation occurred near the interface between the La 2 Zr 2 O 7 layer and 8YSZ layers, lying just underneath the La 2 Zr 2 O 7 top coating. The first stage of the spallation process was buckling of the La 2-Zr 2 O 7 top coating layer, followed by occurrence of cracks at the interface. The second stage was propagation of cracks at the interface, which was followed by spallation of the top coat. Finally, the flakes of the La 2 Zr 2 O 7 top coating peeled off (Ref 17) .
Because the coefficient of thermal expansion (CTE) of 8YSZ (11 9 10 -6 K -1 at 1000°C) is about 20% large than that of La 2 Zr 2 O 7 (9 9 10 -6 K -1 at 1000°C) (Ref 6, 18) , the volume expansion difference is very large 
Bond Strength Test Results
Single-layered coating samples were investigated for bond strength test. Because the bond strength is affected by the various interfaces and layers in multilayer coatings, it is difficult to determine the bond strength at a specific interface for DCL TBCs.
As shown in Fig. 6 , the tensile load and adhesive strength of 8YSZ samples were higher than those of La 2-Zr 2 O 7 . The bond strength was calculated by dividing the tensile load with the cross-sectional area of the tensile bar samples. The difference in the tensile load and bond strength is primarily caused by the fracture toughness (Ref 21 Figure 7 shows cross-sectional SEM images of the TBC systems before and after the bond strength tests. As shown in Fig. 7 (a) and (b), even though the porosities in the La 2 Zr 2 O 7 and 8YSZ coatings were similar before the bond strength test, the La 2 Zr 2 O 7 coating samples exhibited scattered ''splat'' grains and net-shaped cracks. Therefore, during the adhesive tests, cracks propagated easily along the boundaries, as shown in Fig. 7(c) and (d) . However, the 8YSZ coatings showed fewer boundaries but much larger pores than La 2 Zr 2 O 7 . There were fewer crack initiation sites in the 8YSZ, and the grains were well connected compared with La 2 Zr 2 O 7 , as shown in Fig. 7 (e) and (f).
Since the sprayed coating samples were cooled in ambient environment from the elevated deposition temperature, thermal residual stress was originated in the TBC multilayers, due to the thermal expansion differences between each layer of the TBCs. Such residual stresses are mainly generated from strain mismatch between the coating layers and substrate when the TBC systems are cooled from high to room temperature. When the coatings are cooled from high temperature, the substrate shrinks more than the coating due to its higher coefficient of thermal expansion.
In this study, an analytical model proposed by Zhang et al. was adopted to understand the residual stress distribution in the coatings, as described below (Ref 23, 24) . Considering displacement compatibility, compressive stress is generated in the ceramic coating layers while tensile stress is generated in the superalloy substrate. To calculate the residual stress in multilayer coatings, the interface between the substrate and the bond coat is defined as the origin line, where z = 0. The distance from layer i to the substrate is defined as h i (Ref 23, 25, 26) . The thermal 
where E s and E i are the Young's modulus of the substrate and the ith coating layer, respectively. d is the distance from the bending axis, where the bending strain is zero. e i , e s , K, and d can be individually expressed according to Ref 24 as
where a is the coefficient of thermal expansion (CTE), k indexes the ceramic coating layers from 1 to n, and t i is the thickness of the ith layer. The thermal residual stress calculated from Eq 1-6, along with Townsend's thermal stress model, is shown in Fig. 8 (Ref 25) . The compressive residual stress difference at the interface of SCL La 2 Zr 2 O 7 coating was about 3 GPa larger than that of SCL 8YSZ. Due to the residual stress discrepancy, there were more defects, such as grain boundaries and pores, near the interface area of SCL La 2 Zr 2 O 7 TBCs, which is consistent with the SEM images in Fig. 7(b) and (d) . Since there were more distributed grain boundaries in La 2 Zr 2 O 7 than 8YSZ, the La 2 Zr 2 O 7 ceramic layers broke more easily. Besides, in comparison with the interface, the La 2 Zr 2 O 7 layers were much weaker due to their lower fracture toughness and scattered boundaries (Ref 20) , so spallation occurred inside the La 2 Zr 2 O 7 coating layer instead of the interface. Similarly, the adhesive strength in La 2 Zr 2 O 7 TBC samples was lower than that of 8YSZ, which explains why spallation occurred much easily in the La 2 Zr 2 O 7 than 8YSZ coating. Figure 9 summarizes the erosion rate results for the four TBC systems. Sample Figure 10 shows optical micrographs of TBC samples after erosion testing. Although the single-layered 8YSZ TBCs exhibited lower erosion rate, the center of the coating was penetrated, as shown in Fig. 10(a) . The substrate of sample 1 was exposed, so this small hole could lead to failure of the whole coating system. Similarly, the top coating of sample 2 and 3 was penetrated, as shown in Fig. 10(b) and (c). Figure 10 (c) shows two concentric ellipses, which separate La 2 Zr 2 O 7 , porous 8YSZ, and substrate. The dark solid ellipse area in Fig. 10(d) is the dense 8YSZ layer, which was not penetrated. However, all the La 2 Zr 2 O 7 top coating layers and a few 8YSZ layers were removed in this ellipse region.
Erosion Test Results
Cross-sectional SEM images of the erosion samples, passing through the erosion areas, are shown in Fig. 11 . As shown in Fig. 11(a) , although the erosion hole was relatively small, the porous 8YSZ top coat in this area was almost delaminated from the substrate. As shown in Fig. 11(b) , the removed part was large in the La 2 Zr 2 O 7 coating layer, but both sides were still connected with the substrate. For the DCL porous 8YSZ plus La 2 Zr 2 O 7 coatings shown in Fig. 11(c) , both double-layered coatings were removed in the center. More porous 8YSZ material was left than La 2 Zr 2 O 7 . The interfaces between each layer were well connected. As shown in Fig. 11(d) , although there was great loss of La 2 Zr 2 O 7 , the dense 8YSZ layer remained almost intact. The interface between dense 8YSZ and substrate was also well connected.
SEM images at the edge of the erosion areas are shown in Fig. 12 . As shown in Fig. 12(a) and (b) , both SCL porous 8YSZ and SCL La 2 Zr 2 O 7 layers were delaminated from the substrate in the interfacial area. However, the double-layered coatings had more sound interfaces, as shown in Fig. 12(c) and (d) .
The 8YSZ coatings showed better erosion resistance than La 2 Zr 2 O 7 coatings, mainly because the fracture toughness of 8YSZ was higher than that of La 2 Zr 2 O 7 . Besides, the hardness values of dense 8YSZ layers were higher than for other TBC coat layers, as discussed above, so the erosion rate of this layer was lowest. An erosion model can be applied to brittle materials such as TBCs, focusing on the relationship between TBC material properties, such as Young's modulus and fracture toughness, and erosion process conditions, such as impact velocity and abrasive particle size (Ref [27] [28] [29] [30] . It is necessary to determine whether an impinging particle will initiate cracks in the target material. The velocity threshold is used to express the critical condition for crack initiation. Wellman proposed that the critical velocity for erosion can be given by Ref 31 as
where E is Young's modulus, H is hardness, K IC is fracture toughness, q is the density of the erodent particle, and R is the particle radius. The critical erodent velocity calculated for each sample is shown in Fig. 13 top layer in sample 4 was greater than that of sample 3, so sample 3 had a faster erosion rate than sample 4.
Equation 7 enables evaluation of the erosion resistance without conducting erosion experiments. As shown in Fig. 14 , a linear fit (R 2 = 0.224) between the inverse of the critical erosion velocity and the experimentally measured erosion rate confirms a general linear dependence, with the relationship 1/V crit (s/m) = 8.87 9 10 (erosion rate, lg/ g) -0.006. Therefore, it becomes possible to predict the erosion resistance using Eq 7 along with physical properties, without doing the actual experiments.
Conclusions
Single-and double-layered La 2 Zr 2 O 7 and 8YSZ TBC specimens were investigated in terms of their thermomechanical properties. The conclusions can be summarized as follows: 
